To evaluate prognostic values of clinical and diffusion-weighted magnetic resonance imaging-derived intravoxel incoherent motion (IVIM) parameters in patients undergoing primary radioembolization for metastatic breast cancer liver metastases. Subjects and methods: A total of 21 females (mean age 54 years, range 43-72 years) with liver-dominant metastatic breast cancer underwent standard liver magnetic resonance imaging (1.5 T, diffusion-weighted imaging with b-values of 0, 50, and 800 s/mm 2 ) before and 4-6 weeks after radioembolization. The IVIM model-derived estimated diffusion coefficient D' and the perfusion fraction f ' were evaluated by averaging the values of the two largest treated metastases in each patient. Kaplan-Meier and Cox regression analyses for overall survival (OS) were performed. Investigated parameters were changes in f '-and D'-values after therapy, age, sex, Eastern Cooperative Oncology Group (ECOG) status, grading of primary tumor, hepatic tumor burden, presence of extrahepatic disease, baseline bilirubin, previous bevacizumab therapy, early stasis during radioembolization, chemotherapy after radioembolization, repeated radioembolization and Response Evaluation Criteria in Solid Tumors (RECIST) response at 6-week follow-up. Results: Median OS after radioembolization was 6 (range 1.5-54.9) months. In patients with therapy-induced decreasing or stable f '-values, median OS was significantly longer than in those with increased f '-values (7.6 [range 2.6-54.9] vs 2.6 [range 1.5-17.4] months, P,0.0001). Longer median OS was also seen in patients with increased D '-values (6 [range 1.6-54.9] vs 2.8 [range 1.5-17.4] months, P=0.008). Patients with remission or stable disease (responders) according to RECIST survived longer than nonresponders (7.2 [range 2.6-54.9] vs 2.6 [range 1.5-17.4] months, P,0.0001). An ECOG status #1 resulted in longer median OS than .1 (7.6 [range 2.6-54.9] vs 1.7 [range 1.5-4.5] months, P,0.0001). Pretreatment IVIM parameters and the other clinical characteristics were not associated with OS. Classification by f '-value changes and ECOG status remained as independent predictors of OS on multivariate analysis, while RECIST response and D'-value changes did not predict survival. Conclusion: Following radioembolization of breast cancer liver metastases, early changes in the IVIM model-derived perfusion fraction f ' and baseline ECOG score were predictive of patient outcome, and may thus help to guide treatment strategy.
Introduction
Breast cancer is the most common malignant tumor in women. 1 Overall, 15% of patients with metastatic breast cancer (mBRC) develop liver metastases, which are submit your manuscript | www.dovepress.com
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Pieper et al associated with a particularly poor prognosis (median survival 1-20 months). 2 Radioembolization using yttrium-90 ( 90 Y)-loaded microspheres has been evaluated for palliative treatment of mBRC with promising results. 3 However, in previous studies, both objective response according to the Response Evaluation Criteria for Solid Tumors (RECIST) and survival rates after radioembolization of mBRC showed large variation, ranging from 26% to 75% and from 2 to 14 months, respectively. [4] [5] [6] Several parameters, such as tumor grading and hormone-receptor status, Eastern Cooperative Oncology Group (ECOG) performance status, 3-month RECIST assessment and changes of the maximum standardized uptake value on 18 F-fluorodeoxyglucose positron-emission tomography/ computed tomography (CT) have been suggested as prognostic factors after systemic therapy or radioembolization. [7] [8] [9] [10] Diffusion-weighted imaging (DWI) provides information on tissue architecture, and has been proposed for both functional response assessment [11] [12] [13] [14] [15] [16] and survival prognosis. 16, 17 With DWI, the apparent diffusion coefficient (ADC) is usually calculated with b-values between 0 and 500-1,000 s/mm 2 assuming monoexponential behavior of signal decay. 11, 13 An ADC increase can reflect therapy-induced necrosis. [11] [12] [13] [14] However, the DWI signal is not only influenced by molecular diffusion but also by pseudorandom motion in the capillary network. 14, 17 The intravoxel incoherent motion (IVIM) model is a refined analysis technique to separate perfusion-and diffusion-related effects by assuming biexponential behavior of signal decay. 18 At low b-values (ie, ,100 s/mm 2 ), information on the amount of microvasculature (perfusion fraction f) and blood-flow velocity, as well as vessel architecture (pseudodiffusion coefficient D*) can be obtained. At high b-values (ie, .100 s/mm 2 ), analysis yields information on molecular diffusion (true diffusion coefficient D). 19, 20 Recent work has suggested that IVIM model-derived perfusion parameters may be useful for early tumor-response assessment. 21 However, in malignant lesions, nonlinear least squares fitting procedures, which have been advocated for an accurate determination of D* in normal liver tissue, [22] [23] [24] [25] [26] [27] are often hampered, due to weak biexponential behavior of the signal-decay curves. 22, [28] [29] [30] In order to provide a numerically stable approach for IVIM analysis in combination with clinically acceptable acquisition times, estimation of D and f (termed D' and f ') using a simplified IVIM approach has been suggested for tumor-response assessment. 31, 32 Although such estimates probably deviate from true D-and f-values, they may serve as empirical response parameters reflecting diffusion and perfusion changes. Therefore, the aim of our study was to evaluate pre-and early posttreatment D' and f ' in comparison to clinical parameters for prediction of hepatic progression-free survival (hPFS) and overall survival (OS) in patients undergoing primary radioembolization of mBRC.
Subjects and methods Patients
All patients who underwent radioembolization of liverdominant mBRC after failure of systemic chemotherapy between June 2006 and February 2015 were retrospectively identified. Indications for all radioembolization procedures were discussed in interdisciplinary consensus conferences based on published inclusion criteria for radioembolization. 33, 34 The study was approved by the local institutional review board of the University Hospital Bonn which also waived the need for informed patient consent.
The inclusion criteria of the study were histologically confirmed BRC, first resin-based radioembolization, DWI obtained using the same study protocol before and after treatment without motion artifacts, and accessible procedural and clinical data. Patients were not excluded on the basis of stable extrahepatic disease at the time of evaluation or further treatments performed after radioembolization.
Treatment
Pretreatment workup and radioembolization were performed as described in the literature. 34, 35 Possible intra-abdominal, extrahepatic, or excessive pulmonary sphere deposition were excluded by planning angiography with injection of technetium-99m ( 99m Tc)-macroaggregated albumin into the target arteries with subsequent single-photon-emission CT/CT. Coil embolization of nontarget vessels was performed if necessary. In compliance with international consensus guidelines, the body-surface-area method was used to calculate the prescribed activity for radioembolization. 34 Treatment was performed in either a single session (simultaneous bilobar or unilobar) or sequentially (sequential bilobar treatment) using resin microspheres (SIR-Spheres ® ; Sirtex Medical Limited, Sydney, Australia). A microcatheter (Renegade; Boston Scientific, Marlborough, MA, USA) was positioned in the target artery, with injection of a suspension of resin microspheres in sterile water and repetitive contrast injections under intermittent fluoroscopy. Application was terminated if imminent stasis was observed. Peri-interventional medication included dexamethasone, ondansetron, and pantoprazole. Patients were admitted to a special ward for 2 days after radioembolization, in accordance with local regulations.
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iViM DWi for outcome prediction in radioembolization clinical data Clinical and procedural data included the following parameters: sex, patient age, ECOG status, grading of primary tumor, estimated hepatic tumor burden, presence of extrahepatic metastases, baseline bilirubin levels, previous application of bevacizumab, embolization site, early stasis during radioembolization (any blood-flow alteration preventing full administration of prescribed activity), prescribed/administered 90 Y activity, chemotherapy after radioembolization, and repeated radioembolization.
imaging protocol and follow-up
Patients underwent standard magnetic resonance imaging (MRI) of the liver before, 4-6 weeks after (first follow-up), and 3 months after (second follow-up) radioembolization. Further follow-up was performed at 3-month intervals. MR examinations were performed on a clinical 1.5 T MR scanner (Gyroscan Intera and Ingenia; gradient-system maximum amplitude 30 mT/m and 45 mT/m, respectively, maximum slew rate 150 T/m/s and 200 T/m/s, respectively; Philips Healthcare, Best, the Netherlands). A commercially available phased-array surface coil was used for signal reception with patients in supine position. Each patient was examined on the same MR scanner before and after therapy. The standardized imaging protocol included a respiratory-triggered single-shot spin-echo echoplanar DWI sequence acquired before contrast-agent application (Table 1) and motion-probing gradients in three orthogonal directions. Isotropic DW images were reconstructed on the MRI system. Furthermore, a T 2 -weighted sequence with and without fat suppression, a T 1 -weighted sequence, and a T 1 -weighted dynamic contrast-enhanced sequence were acquired.
image analysis
Using the approach originally introduced by Le Bihan et al 18 and described for b-values of 0, 50 and 800 s/mm 2 in recent work, 36 ,37 the IVIM model-derived D and f were estimated as D' and f ' by: 50/800 (1)
Furthermore, ADC 0/800 was determined. ADC values were calculated according to the formula:
where S Analyses were conducted by one radiologist with more than 4 years of imaging and interventional experience and one physicist with more than 16 years of experience in DWI. Both were blinded to the history of the patient and follow-up results. The two largest metastases (diameter $1 cm) within the treated part of the liver were selected (if present). A handdrawn region of interest (ROI) was placed within a central slice of the metastases, avoiding blood vessels, noticeable motion artifacts, pixel misalignments, or susceptibility artifacts. ROIs were drawn as large as possible (on DW images with b=800 s/mm 2 of baseline and first follow-up MRI), excluding areas close to the rim of the lesion to avoid partial volume effects. The position of the ROIs was cross-checked among all images. ROIs were then copied into the IVIM-parameter maps. The mean ROI values of the two analyzed metastases were averaged with weights according to the ROI area size.
Definitions
Response to treatment was assessed on the basis of RECIST 1.1 criteria. 38 Patients were categorized according to RECIST response on first follow-up into:
• responder: complete response/partial response (PR) or stable disease (SD) • nonresponder: progressive disease (PD). 
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For IVIM-analysis patients were stratified according to changes in D' and f ' (stable or decreasing vs increasing values), with a cutoff value of 0, as recently described for ADCbased response assessment in hepatocellular carcinoma. 39 OS was defined as the time from first radioembolization to the date of death of any cause. hPFS was defined as the time between first radioembolization to disease progression within the treated part of the liver, in accordance with RECIST.
statistical analysis
Survival analysis was performed for the described clinical/ procedural and imaging parameters with dichotomization of patients as given in Table 2 . Univariate analysis of OS and hPFS was performed using the Kaplan-Meier method with a log-rank test for statistical significance (categorical parameters) or a Cox regression model (continuous variables).
Parameters showing a significant association with survival in univariate analysis without colinearity (eg, categorical values of f '-value changes and corresponding continuous variable) were entered into a multivariate Cox regression model to identify independent predictors of OS and hPFS, as well as to calculate hazard ratio (HR) estimates. Analyses were performed using commercially available statistical software (SPSS version 22.0; IBM, Armonk, NY, USA).
Results
A total of 44 patients underwent radioembolization of liverdominant mBRC, with 21 patients fulfilling the criteria for study eligibility (mean age 54 years, range 43-72 years) ( Figure 1 ). Patient characteristics are summarized in Table 2 . All patients suffered from bilobar metastatic disease. Liver metastases were progressive in all patients prior to radioembolization. A total of 15 patients received more than five different lines of chemotherapy prior to radioembolization, two received four lines, two received three lines, and two patients received two lines of chemotherapy. An invasive ductal carcinoma was the primary tumor in 17 patients; two patients suffered from an invasive lobular carcinoma. The histological type of the primary tumor was unknown in two patients. Ten patients showed positivity of at least one hormone receptor, four were hormone receptor-negative, and hormone-receptor status was unknown in seven patients. Data of three liver lobes were excluded from analysis, because of severe motion artifacts in DWI, so 37 metastases were analyzed, with a mean pretherapeutic lesion size of 40.7±21.2 (range 10-90) mm. Median time between pretherapeutic MRI and therapy was 17 (range 1-71) days, between therapy and first follow-up MRI 34 (range 28-42) days, and between therapy and second follow-up 97 (range 75-118) days. First follow-up MRI was available in all cases. In six of 21 patients, no second follow-up MRI was performed. Five of these patients showed disease progression on the first follow-up, and did not survive until the 3-month follow-up. One patient also showing initial disease progression was terminally ill at the time of the 3-month follow-up and died 5 months later.
During a median clinical and imaging follow-up time of 163 (range 46-1,638) days and 142 (range 29-1,253) days, respectively, 13 patients showed disease progression and 19 patients died. Two patients were alive at the date of analysis (147 and 227 days after radioembolization).
According to RECIST 1.1 criteria, two patients showed PR (9.5%), 13 SD (61.9%) and six PD (28.6%) on first follow-up (objective response rate 9.5%, disease-control rate 71.4%). After 3 months, seven patients showed PR (33.3%), five SD (23.8%), and nine PD (42.9%) (objective response rate 33.3%, disease-control rate 57.1%, including those patients showing PD on first follow-up who could not undergo second follow-up). Results of IVIM measurements are summarized in Table 3 . Table 4 compares f '-value and D'-value changes after 6 weeks with RECIST response after 3 months. An ECOG-score #1 and PR/SD as evaluated by RECIST on first follow-up were associated with longer median hPFS (147 vs 31 days and 149 vs 30 days, respectively). On multivariate analysis, the ECOG score and classification according to f '-value changes remained the only independent predictors of hPFS, with an ECOG score .1 and an increase in f '-value being associated with shorter hPFS ( Median OS after the first radioembolization procedure was 151 (range 46-1,647) days. Univariate analysis of OS showed significant interrelations with therapy-induced f '-value changes, while no other IVIM parameters were associated with OS (Table 5 ). When categorized according to changes in D'-and f '-values (stable or decreasing vs increasing values), patients with increasing D'-and decreasing f '-values had a significantly longer median OS (216 vs 83 days and 237 vs 78 days, respectively). Comparable to hPFS, an ECOG score #1 and PR/SD as evaluated by RECIST on first follow-up were associated with longer Tables 5-7 and Figure 2A -D. Group A and B in Table 6 are categorized according to values given in Table 2 .
Discussion
The results of our study provide the first evidence on the additional value of IVIM parameters for prediction not only of hPFS but also of OS 4-6 weeks after radioembolization of mBRC. Decreasing f '-values and a low baseline ECOG status were the only predictors of hPFS and OS. No other pretreatment clinical or IVIM parameters were associated with patients' survival. Several predominantly retrospective studies with small patient cohorts investigating survival from BRC after radioembolization have been published. Objective response rates (according to RECIST) between 26% and 75% and disease-control rates between 70% and 98.5% have been described, with median OS ranging from 2 to 14 months. [4] [5] [6] 9, 10, 40, 41 We observed a rather low objective response rate of 33.3% and a disease-control rate of 57.1% at the 3-month follow-up. Median OS was also in the lower range of published values: about 5 (range 1.5-55) months after first radioembolization. However, it is important to note that high imaging-based disease-control rates do not necessarily translate into longer OS. A study on 75 patients reported an excellent disease-control rate
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OS hPFS
Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value of 98.5%, but a median OS of only 6.6 months. 40 Conversely, another study observed a disease-control rate of 70% with median OS of 14 months. 5 To a certain degree, such high variance may be attributable to known overall prognostic factors in BRC (eg, histologic tumor grading or hormone-receptor and HER2 status). 7 Longer survival after radioembolization of mBRC has been described in patients showing morphological therapy response according to RECIST or World Health Organization criteria, 5, 9 an ECOG score ,1, liver involvement ,25%, low baseline bilirubin levels, liver-only disease, and chemotherapy after radioembolization. 4, 5, 40, 41 The results of our analysis concerning clinical parameters are in line with previously published studies showing significantly longer hPFS and OS in patients with an ECOG score #1 and response to therapy according to RECIST.
We generally performed radioembolization in a salvage situation after multiple lines of chemotherapy had failed. Therefore, about 43% of patients presented with an ECOG score .1, 48% had a hepatic tumor burden of .25%, and extrahepatic metastases were present in 86%. With regard submit your manuscript | www.dovepress.com
Dovepress
4096
Pieper et al to baseline patient characteristics and median OS, our data are comparable to a recently published cohort (5 months vs 6.6 months). 40 In contrast, 82.5% of patients treated in another study had an ECOG score ,1 with a better median OS of 14 months. 5 Although morphological response has been shown to be a predictor of survival, reliable assessment can often only be obtained several months after treatment, as tumor-size changes may occur later after therapy. 11, 38, [42] [43] [44] [45] [46] [47] For earlier response assessment, several functional imaging parameters derived from DWI, 16, 48 positron-emission tomography/CT, 10, 49 or perfusion-CT 50 have been assessed. We employed a simplified IVIM approach, as introduced by Le Bihan et al, 18 for DWI analysis. This approach has already yielded promising results for lesion characterization in the liver 36 and pancreas, 37 as well as for response assessment. 31, 32 When a numerically stable voxel-wise analysis method combined with short acquisition times (about 3 minutes) is used, it is suitable for a clinical setting.
In general, an increase in the ADC can reflect therapyinduced tumor necrosis. 11, 14, 39 For malignant liver lesions, lower f-and D*-values compared to normal liver tissue have been described. [28] [29] [30] 36, 51 Lower f-values in tumors have been shown to correlate with lower histological microvessel density. 52 Low D*-values are associated with immature and leaky blood vessels, leading to high intralesional interstitial fluid pressure, resulting in stagnant blood flow. 53, 54 It is important to note that in the simplified IVIM analysis employed in this study, the estimated perfusion-fraction parameter f ' is influenced both by f and D*. Therefore, low f '-values can be related to low microvascular density, as well as to neoangiogenic vessels with impaired blood flow. Although comparison of DWI values between different studies is difficult, due to varying methodology, 55, 56 our measurement results are in the same order of magnitude as published values of other liver-adenocarcinoma metastases (eg, ADC, D, and f of 1,400×10 -6 s/mm 2 , 1,100×10 -6 s/mm 2 , and 0.136, respectively, for metastatic colorectal cancer). 30 Analysis of IVIM parameters in our study cohort showed hPFS and OS to be significantly longer in patients with decreasing f '-and increasing D'-values after therapy, while ADC 0/800 changes were not associated with survival. This was probably due to counteracting effects of decreasing f '-and increasing D'-values both being incorporated in the overall ADC. In our study cohort, increasing molecular diffusion, as reflected in increasing D'-values, indicates successful therapy, ie, probably therapy-induced necrosis. Decreasing f '-values may reflect adequate embolization leading to reduced blood flow and reduced microvasculature in necrotic areas. Conversely, patients with increasing f '-and decreasing D'-values, reflecting abundant vascularization and lack of necrosis, showed significantly shorter survival. An increase of the overall ADC in patients suffering from mBRC has recently been reported to be associated with response to chemotherapy 1 week after initiation of therapy. 15 Although we did not observe a significant association with the ADC 0/800 , the results of this study also point to the benefit of developing necrosis, as reflected by an increase in D'-values in our study. For outcome prediction in radioembolization, however, perfusion changes seem to outweigh the development of necrosis. Apart from the ECOG score, f '-value changes were identified as the only imaging parameter independently predicting hPFS and OS.
Data on the value of pretherapeutic DWI parameters for response and outcome prediction remain poorly understood. Lower pretreatment ADC values have been associated with better 3-month response of other tumor entities like metastatic colorectal cancer and gastric cancer metastases to chemotherapy, but did not predict survival. 48, 57 This may be due to several other factors (eg, extrahepatic disease) influencing survival.
The value of perfusion-related IVIM parameters has already been demonstrated for other tumor entities. f-values differentiated responders from nonresponders by lower pretherapeutic values and increased values after therapy in hepatocellular carcinoma treated with sorafenib. 31 In neuroendocrine metastases, responders to radioembolization also showed lower pretherapeutic perfusion-related ADC 0/50 values with a posttherapeutic increase in vital tumor regions. 32 In this respect, it is important to note which part of a tumor is analyzed. In a study on radioembolization of neuroendocrine liver metastases, only the viable part of the metastases was analyzed, 32 while we analyzed the whole metastasis, so the increase in necrotic tissue considerably contributed to the results of our measurements.
Comparable to changes in perfusion parameters observed in our analysis, response to radioembolization and 1-year survival was associated with an early therapy-induced reduction of arterial perfusion of different liver metastases measured by perfusion CT. 50, 58, 59 Moreover, response could be predicted by higher preinterventional perfusion values. Although these results seem to be in line with our findings, to date there has been no direct comparison of both methods. In contrast to DWI, perfusion CT has the disadvantages of necessitating the use of contrast agent and radiation exposure, with a dose of up to 18 mSv being reported. 59 OncoTargets and Therapy 2016:9 submit your manuscript | www.dovepress.com
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iViM DWi for outcome prediction in radioembolization Although the data of our study are compelling, the results of our analysis are limited by the retrospective character of our study and the relatively small patient cohort. This was mainly due to the fact that radioembolization is used as a salvage-treatment option in patients suffering from mBRC in whom other therapies had failed. Furthermore, only patients examined both before and after radioembolization with the same imaging protocol could be included. Therefore, further prospective studies to assess reproducibility of our results would be of value.
Conclusion
In conclusion, we found changes in IVIM parameters on early follow-up DWI to be useful for outcome prediction after radioembolization of mBRC. Early decrease in the IVIM perfusion fraction after treatment and a low baseline ECOG score are predictive of longer hPFS and OS. By stratifying patients into responders and nonresponders based on f '-values, IVIM analysis may help guide further treatment-strategy.
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